Many toxins assemble into oligomers on the surface of cells. Local chemical cues signal and trigger critical rearrangements of the oligomer, inducing the formation of a membrane-fused or channel state. Bacillus anthracis secretes two virulence factors: a tripartite toxin and a poly-γ-D-glutamic acid capsule (γ-DPGA). The toxin's channel-forming component, protective antigen (PA), oligomerizes to create a prechannel that forms toxic complexes upon binding the two other enzyme components, lethal factor (LF) and edema factor (EF). Following endocytosis into host cells, acidic pH signals the prechannel to form the channel state, which translocates LF and EF into the host cytosol. We report γ-DPGA binds to PA, LF, and EF, exhibiting nanomolar avidity for the PA prechannel oligomer. We show PA channel formation requires the pH-dependent disruption of the intra-PA domain-2-domain-4 (D2-D4) interface. γ-DPGA stabilizes the D2-D4 interface, preventing channel formation both in model membranes and cultured mammalian cells. A 1.9-Å resolution X-ray crystal structure of a D2-D4-interface mutant and corresponding functional studies reveal how stability at the intra-PA interface governs channel formation. We also pinpoint the kinetic pH trigger for channel formation to a residue within PA's membrane-insertion loop at the inter-PA D2-D4 interface. Thus, γ-DPGA may function as a chemical cue, signaling that the local environment is appropriate for toxin assembly but inappropriate for channel formation.
Many toxins assemble into oligomers on the surface of cells. Local chemical cues signal and trigger critical rearrangements of the oligomer, inducing the formation of a membrane-fused or channel state. Bacillus anthracis secretes two virulence factors: a tripartite toxin and a poly-γ-D-glutamic acid capsule (γ-DPGA). The toxin's channel-forming component, protective antigen (PA), oligomerizes to create a prechannel that forms toxic complexes upon binding the two other enzyme components, lethal factor (LF) and edema factor (EF). Following endocytosis into host cells, acidic pH signals the prechannel to form the channel state, which translocates LF and EF into the host cytosol. We report γ-DPGA binds to PA, LF, and EF, exhibiting nanomolar avidity for the PA prechannel oligomer. We show PA channel formation requires the pH-dependent disruption of the intra-PA domain-2-domain-4 (D2-D4) interface. γ-DPGA stabilizes the D2-D4 interface, preventing channel formation both in model membranes and cultured mammalian cells. A 1.9-Å resolution X-ray crystal structure of a D2-D4-interface mutant and corresponding functional studies reveal how stability at the intra-PA interface governs channel formation. We also pinpoint the kinetic pH trigger for channel formation to a residue within PA's membrane-insertion loop at the inter-PA D2-D4 interface. Thus, γ-DPGA may function as a chemical cue, signaling that the local environment is appropriate for toxin assembly but inappropriate for channel formation.
pH sensor | translocation | planar bilayer electrophysiology P athogenic bacteria secrete channel-forming toxins, often as monomeric protein subunits, which assemble at the host cell surface into non-membrane-inserted prechannel oligomers (1) (2) (3) (4) (5) (6) . Conformational rearrangements triggered by changes in the local environment on or within the host cell allow the prechannel oligomers to obtain their final membrane-inserted channel state. Substructures within individual monomer subunits may unfold in response to ligand binding or changes in pH and then refold to form the transmembrane domain (7) (8) (9) . Local sensing of protons and other key ligands provide critical signals to a toxin complex (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) or virus (12) , indicating that the environment is appropriate for membrane fusion.
Anthrax toxin (Atx) (13, 14) -a virulence factor produced by pathogenic strains of Bacillus anthracis-consists of three nontoxic protein components. The protective antigen (PA) component (83 kDa) binds to cells and forms an oligomeric translocase channel, allowing the other two enzyme components, lethal factor (LF; 90 kDa) and edema factor (EF; 89 kDa), to translocate into the host cell. PA, LF, and EF self-assemble via two possible pathways: (i) at the cell surface or (ii) in the extracellular plasma. For (i), PA binds to one of two known Atx receptors (ANTXR). The PA-ANTXR interaction involves PA domain 2 (D2) and domain 4 (D4), where the latter coordinates the receptor's Ca 2+ or Mg 2+ metal-ion adhesion site (4) . Receptor-bound PA is cleaved by a furin-type protease to make the proteolytically activated form ( n PA). After a 20-kDa portion of n PA dissociates, the 63-kDa receptor-bound portion (PA 63 ) assembles into a mixture of ringshaped heptameric (PA 7 ) (4) and octameric (PA 8 ) (1, 2, 10, 11) oligomers, called prechannels. Prechannel PA binds LF and EF to make lethal toxin (LT) and edema toxin (ET), respectively (1, 2). For (ii), plasma proteases process PA, and LF/EF and PA coassemble to form LT and ET (10). Here, the major functional prechannel oligomer is PA 8 because of the inactivity of PA 7 , which prematurely converts to insoluble channel complexes as a result of its relative instability (10) . Toxin complexes are endocytosed and brought to an acidic compartment. Acidic conditions signal the prechannel to transform into the channel (8, 9, 15) , allowing the proton gradient to drive LF/EF unfolding and translocation (16) . The PA channel structure is consistent with an ∼100-Å-long β barrel (8, 17) . A β hairpin from each monomer's D2 (2β1-2β3) in the prechannel unfolds and subsequently refolds to form the channel (3, 17) . The hydrophobic tips of the β strands in the barrel penetrate the membrane, forming an inserted channel for LF/EF to translocate. The PA prechannel-to-channel transition (5) is cooperative, occurring at pH 7; however, when PA prechannels are bound to ANTXR2, the required pH threshold for channel formation is shifted to pH 5-6 (4, 15) . Recent studies suggest PA-ANTXR2 interactions begin to dissociate at pH 6 (18) . Histidine protonation within PA (15) and at H121 in the ANTXR2 domain (4) may trigger channel formation, but 2-fluorohistidine (19, 20) and mutagenesis (21) studies suggest histidine protonation may be important for dissociation from ANTXR2 but not for channel formation in solution. An electron microscopy (EM) structure of the channel supports the hypothesis (3, 4) that D2 and D4 separate as the channel forms (8) . A translocase active site (F427), the ϕ clamp (22) , is also critical to channel formation (23) . The molecular basis for the pH dependence of channel formation is unknown.
Pathogenic strains of B. anthracis secrete a poly-γ-D-glutamic acid (γ-DPGA) virulence factor, which consists of long, linear polypeptides (50-200 kDa) of D-Glu polymerized via amide linkages between the γ-carboxylate and α-amino group of adjacent monomers (24) . Several gene products are responsible for producing the thick capsule layer of γ-DPGA that surrounds the bacillus. One enzyme, CapD, anchors γ-DPGA to the peptidoglycan cell wall to form the capsule and cleaves γ-DPGA into smaller (15-50 kDa), dissociable fragments, which augment virulence by allowing the bacillus to evade host innate immune defenses (25) . During infection, serum levels of γ-DPGA reach up to 1-2 mg·mL −1 in vivo (26) . Furthermore, the individual Atx components are secreted through the hydrogel layer of γ-DPGA capsule surrounding the bacillus. Although large molecular weight (MW) γ-DPGA binds Atx components isolated in vivo in anthrax infection models (27) , the subunit specificity, γ-DPGA size dependence, and functional consequence of these interactions are unknown.
Results γ-DPGA Binds PA Prechannel and Inhibits Channel Formation. EDTA inhibits PA channel formation in planar lipid bilayers at neutral pH (9) . We hypothesized EDTA may mimic γ-DPGA, bind PA, and stabilize the prechannel. The γ-DPGA we purified from Bacillus licheniformis has similar size, linkage, and stereochemistry as B. anthracis γ-DPGA (24) . To dissect the impact of EDTA and γ-DPGA on the PA channel formation mechanism (Fig. 1A, Inset) , we prepared two different oligomeric states of PA: the PA 7 prechannel state (PA 7 ) and the PA 7 detergentsolubilized [prepared in Fos-choline-14 detergent (28)] channel state (PA ch ). Using these preparations, we distinguished between inhibition of either PA prechannel-to-channel conversion or channel insertion into bilayers. We found that 100 nM γ-DPGA (Fig. 1A ) and 1 mM EDTA (Fig. S1A ) inhibited the insertion of PA 7 prechannel, but not PA ch , into planar lipid bilayers at pH 7.4. Furthermore, γ-DPGA and EDTA lost inhibitory activity at pH 6.5, a pH at which PA 7 rapidly converts to the channel state (Fig. 1A, S1A) . Hence, we hypothesized that γ-DPGA and EDTA inhibit the prechannel-to-channel transition by binding and stabilizing the prechannel. In support of this hypothesis, we found by circular dichroism (CD) spectroscopy (10) that PA 7 forms channels at pH values ∼0.25 units lower in the presence of either 1 μM γ-DPGA or 10 mM EDTA (Fig.  S1B) . Hence, γ-DPGA and EDTA inhibit PA channel formation by stabilizing the prechannel state (Fig. 1B) . Using a native-PAGE gel-shift assay, we estimated the PA 7 prechannel's affinity for γ-DPGA to be in the range of 10 nM to 10 μM (Fig. 2A) . The broad concentration range for the gel shift and the number of discrete complexes observed suggests multiple γ-DPGA binding sites. The apparent affinity for γ-DPGA is weaker for the PA monomer relative to the oligomer, indicating avidity may underlie the binding mechanism ( Fig. 2A) . By gel-shift assays, LF and EF also interact with γ-DPGA ( Fig. 2A) . The amino-terminal PA-binding domains of LF and EF (LF N and EF N ) contain γ-DPGA binding sites (Fig. S1C) . Furthermore, assembled LT and ET complexes bind γ-DPGA but with apparently weaker affinities than the free PA oligomer (Fig. S1C) . Four unrelated controls, BSA, bovine transferrin, Legionella pneumophila flagellin, and diphtheria toxin A domain, did not show significant interaction with γ-DPGA in gel-shift assays (Fig. S1C) . Finally, the gel shifts observed were not the result of protein degradation by a contaminant protease, as shown by SDS/PAGE (Fig. S1C) ; rather, the EF/EF N bands appear diminished by the population of multiple discrete complexes. Thus, capsule interactions were detected with all the toxin subunits, albeit the most avid interaction is observed with the free PA 7 prechannel.
To measure the prechannel's affinity for full-length γ-DPGA, CapD-digested γ-DPGA, acid-hydrolyzed γ-DPGA, and other polyanions, we measured equilibrium ligand dissociation constants (K inhibit ) using planar lipid bilayer electrophysiology (Fig.  2B) . From the ratio of PA 7 prechannel's channel-forming activity (K + current per nanogram of PA 7 ) in the absence and presence of increasing concentrations of polyanion, we could determine single-site binding K inhibit values. We found K inhibit values of 34 (± 8) nM and 0.3 (±0.1) mM for full-length γ-DPGA and EDTA, respectively (Table S1 ). Hence, the tetracarboxylate EDTA likely acts as the chemical analog of γ-DPGA. The weak 0.3-mM K inhibit value observed for EDTA rules out the involvement of trace metal ions, as EDTA has submicromolar affinity for metal ions. Hydrolysis of γ-DPGA into 10-50-kDa fragments by CapD [from B. anthracis (25) ] or HCl (29) [estimated by SDS/PAGE ( Fig.  S1D) ] reduces the K inhibit value to 100 (±7) μM and 1 (±1) mM, respectively. Finally, to control for whether polyanions simply block PA current by binding inside the channel, we measured channel-blocking equilibrium dissociation constants (K block ) by adding the compounds after a PA current was established (Table  S1 ). All measured K block values, except acid-hydrolyzed γ-DPGA, were at least fivefold weaker than their respective K inhibit values, revealing that the dominant mechanism is stabilization of the PA prechannel state (Table S1 ). Overall, our series of polyanionic compounds trended as decreasing K inhibit values with increasing charge (Table S1 ). Avidity resulting from the polyvalent nature of the γ-DPGA and PA oligomer likely explains why the 100-kDa γ-DPGA species binds 3,000-to 60,000-fold more tightly than CapD-hydrolyzed γ-DPGA and γ-DPGA peptides. The binding (Upper Inset) Basic kinetic scheme for PA channel formation, for which possible steps that might be blocked by γ-DPGA are indicated. PA 7 prechannel might be stabilized by binding γ-DPGA; γ-DPGA might prevent the PA channel state, PA ch , from fusing with the membrane to make an inserted channel, PA ins ; and inserted PA ch (PA ins ) might have its conductance blocked as a result of γ-DPGA binding within the pore. (Lower Inset) Channel formation records for PA 7 prechannels in the presence of 100 nM γ-DPGA at pH 7.4 and 6.5. Also shown is a record of channel insertion PA ch at pH 7.4. (B) Prechannel-to-channel transition mechanism depicted by low-resolution structures overlaid with a ribbons rendering of the PA 8 structure (3HVD) (2) . Also shown is a hypothetical intermediate state and a channel model. The β-barrel-forming region (red) (17) , which makes contact with D4 in the prechannel (blue), is highlighted. γ-DPGA binding to the prechannel stabilizes this state and inhibits channel formation.
site's preference for the larger γ-DPGA 10-mer relative to the 2-mer is not likely based on avidity, because this oligopeptide is too short to stretch between adjacent PA subunits. Other compounds composed of high densities of anionic charges, such as heparin sulfate and phytic acid, bound tightly as well. The PA oligomer's affinity for polyanions cannot be explained simply by its average charge, because its isoelectric point is near 5. Thus, PA prechannel oligomers possess polyanion-binding sites and bind native γ-DPGA with high avidity.
γ-DPGA Inhibits LT Cytotoxicity and PA Channel Formation in Cells. To assess the physiological relevance of these γ-DPGA interactions, we applied PA-γ-DPGA complexes to J774A.1 macrophage-like cells in the presence of LF. We found that native γ-DPGA fully inhibited LT-dependent cell lysis in a dose-dependent manner with an inhibition concentration of 50% lysis (IC 50 ) of ∼10 μM (Fig. 2C) , consistent with the affinity observed in native-PAGE studies with assembled LT or monomer PA (Fig. S1C) . Hydrolysis of γ-DPGA into 10-50-kDa fragments by CapD or HCl increased the IC 50 significantly to >10 −3 M (Fig. 2C ). In the cellular assays, γ-DPGA could inhibit LT at several points, including PA assembly (Fig. S2A), LF (Fig. S2B ) and soluble extracellular domain of ANTXR2 (sANTXR2) binding (Fig.  S2C), endocytosis (Fig. S2D), LF translocation (Fig. S2E) , or LF enzymatic activity (Fig. S2F) . None of these steps was inhibited significantly, although we observed γ-DPGA-dependent enhancement of PA assembly using a fluorescence assay (Fig. S2A) . To narrow in on the step inhibited by native γ-DPGA, we tested preassembled LT complexes (PA 7 LF 3 ) in J774A.1 cytotoxicity assays, and again found γ-DPGA-dependent inhibition (Fig.  2C) . Because endocytosis is not blocked, as shown by pronase protection assays (Fig. S2D) , we propose that cell binding is not blocked but rather a process within the endosome is inhibited in a γ-DPGA-dependent manner. Western blots of J774A.1 extracts following exposure to preassembled PA 7 LF 3 and unassembled LT (PA + LF) were used to determine whether PA channels formed in the presence of γ-DPGA. This assay works because the PA 7 channel is an SDS-stable complex (10, 15) . We found that full-length γ-DPGA, but not CapD-or HCl-hydrolyzed γ-DPGA, blocks proteolysis for monomeric PA 83 and blocks channel formation for assembled PA 7 complexes (Fig.  2D) . Thus, on J774A.1 cells, full-length γ-DPGA inhibits LT cytotoxicity, most likely by disrupting PA proteolysis and blocking channel formation.
Structure of Disrupted PA D2-D4 Interface. We initiated a series of cross-linking and point-mutagenesis experiments to isolate the capsule-and pH-sensing regions in the PA subunit of the toxin. Within the D2-D4 interface, we created the cross-linked mutant ( Fig. S3 A and B) PA K446C/I708C [verified by Ellman's reagent (Fig. S3C) ]. This cross-linked mutant, but not the corresponding single-Cys mutants (Fig. S3D) , prevented channel formation under acidic pH conditions. The addition of a disulfide-reducing agent, however, allowed channel formation to proceed (Fig.  S3B) . Hence because of the functional importance of this interface-to-channel formation, we characterized the D2-D4 interface structurally. Orthorhombic, P2 1 2 1 2 1 crystals of the PA K446M mutant diffracted X-rays to 1.91 Å. Molecular replacement placed a single PA in the asymmetric unit (Fig. 3A , Table S2 ). The 2F o -F c electron density map is of sufficient quality to model loops unresolved in 1ACC (3). Residue and loop placements were supported with electron density >1σ computed from simulated-annealing (SA) omit maps (Fig. 3B) . These loops include the furin-proteolysis site (residues 162-174) [also modeled in the 1.45-Å PA structure 3TEW (30) ] and some of the β-barrel residues, 276-287 and 343-350 (17).
Our PA K446M structure (4EE2) shows conformational changes at the interface of D2-D4 compared with several PA models with WT D2-D4 interfaces, including 3TEW (Fig. 3C) , 3TEX, 3TEY, and 3TEZ (30) , and 3Q8B and 3MHZ (20) . We compared 4EE2 and 3TEW, as the latter is the highest-resolution structure of the native D2-D4 interface. Structural rearrangements in PA K446M were supported by strong, continuous SA omit electron density (Fig. 3B) . Hydrogen-bonding interactions in the WT K446 site are disrupted in the K446M mutant ( Fig. 3 B and C) , namely hydrogen bonds with E443, I708, and water 982 are missing; M446 moves 3.7 Å and forms van der Waals contacts with adjacent I334 and W346 (Fig. 3B) . Furthermore, water 1015 is not present; this water makes critical bridging contacts, connecting K446 to H336 and Y660 (Fig. 3 B  and C) . The per-residue deviations of 4EE2 relative to 3TEW (30) (Fig. S4) are largest in D2 and D4 (>1 Å). Higher B factors (>30 Å 2 ) also are observed at the interface of D2 and D4 relative to 3TEW (Fig. S4) . We conclude that K446M destabilizes the D2-D4 interface by disrupting a network of interactions coordinated by waters. for various point mutants in the presence and absence of sANTXR2 using an SDS/PAGE-resistance assay. The assay detects formation of the SDS-stable channel (Fig. 3D, Table S3 ). Mutations at K446 and H336 in the D2-D4 interface increased the pH midpoint for channel formation by up to 1 pH unit, whereas substitutions at E443, Y660, I708, and N709 had more modest effects (Fig. 3E) . Hydrophobic, charged, and neutral substitutions in these positions (Table S3 ) further support the conclusion that the D2-D4 interface is critical to defining the pH dependence of channel formation. Also, when PA was bound to its soluble receptor domain, sANTXR2, we found H336L and K446Q shifted the SDS-resistance pH threshold by 0.25 pH units (Fig. 3E) . Thus, destabilization of the D2-D4 interface defines the pH-dependent step of the channel formation mechanism.
D2-D4 Interface Stability Defines Rate-Limiting Barrier to Channel
Formation. We used CD signal changes at 222 nm (CD 222 ) to measure the rate of channel formation. Whereas prior CD measurements suffered from long dead times (10), we circumvented this problem by using a motor-driven titrator to deliver aliquots of dilute acid directly to an efficiently stirred cuvette, obtaining subsecond mixing times (Fig. 3F) . The kinetic data revealed similar changes in CD 222 for channel formation upon lowering the pH to 7 (10). The destabilizing effect of the K446M mutation led to an increase in the rate of channel formation, whereas the addition of 1 μM γ-DPGA inhibited channel formation (Fig. 3F) . From single-exponential fits, we also determined the kinetic rate constant, k, and equilibrium kinetic amplitude, A o , for channel formation. WT PA 7 complexes formed the channel state with a k of 0.14 (±0.01) s −1 (Table S3) . We obtained activation free energies, ΔG ‡ , by ΔG ‡ = RT ln k/c (R, gas constant; T, temperature; and c, a 1-s −1 constant). At pH 7, WT PA 7 has a ΔG ‡ of −1.2 (±0.05) kcal·mol −1 (Table S3 ), but at pH 5, ΔG ‡ is −0.55 (±0.02) kcal·mol −1 ; hence, the rate-limiting step is pH dependent. We computed ΔΔG ‡ for each of the D2-D4 interface mutants and the 1-μM γ-DPGA condition relative to free WT PA 7 (Fig. 3G) . Whereas many destabilizing D2-D4 mutations accelerated the rate of channel formation and increased ΔΔG ‡ , the stabilization induced by γ-DPGA binding caused the opposite effect. We also observed a linear correlation between ΔG ‡ and the pH threshold values obtained in SDS-resistance assays in the presence and absence of sANTXR2 (Fig.  S5A) . We found that PA 8 forms channels approximately twofold slower than PA 7 at pH 7 (Fig. S5A) , and we presume structural changes observed in the D2-D4 interface (Fig. S5B ) explain why PA 8 is more pH stable than PA 7 (2, 10, 15) . Thus, interfacedisrupting D2-D4 mutations accelerate channel formation, and γ-DPGA inhibits channel formation by modulating a rate-limiting, pH-dependent barrier to channel formation.
Localizing the pH-Sensor and Capsule-Binding Sites. Disruption of a bona fide pH sensor should perturb the pH-dependent kinetics and/or thermodynamics. Because we found the PA ΔMIL mutant (in which the membrane-insertion loop [MIL] was deleted) can form channels only at lower pH values relative to WT (Fig. 3D) , we hypothesized that inter-PA contacts between D4 and the MIL (in D2, residues 302-324) (15) also govern the observed pH dependence of channel formation. To properly determine the location of the pH sensor, we analyzed the pH dependence of the channel-formation kinetics. ΔG ‡ values for WT PA 7 were fit using a chemical-potential relationship assuming n 1 and n 2 protons were involved in the pH-dependent transitions over two respective barriers (Fig. 4A, Table S4 ). For WT PA 7 , barrier 1 is highly proton dependent [n 1 = 3.5 (±0.4)], whereas barrier 2 is essentially proton independent [n 2 = 0.03 (±0.03)] (Fig. 4A) . For WT PA 8 , n 1 and n 2 were 20 (±1) and 0.03 (±0.03), respectively (Fig. S5C) . Other mutants showed similarly large n 1 values relative to near-zero n 2 values (Table S4) . By contrast, (PA ΔMIL ) 7 , exhibited relatively little pH dependence [n 1 and n 2 of 0.1 (± 0.01) and −0.03 (±0.01), respectively], indicating a statistically significant perturbation of the kinetic pH trigger (Fig. S5C) . Plots of the A o values as fractional amplitudes revealed a steeply cooperative transition that was coincident for WT PA 7 and PA 8 but was shifted 0.5 pH units lower for (PA ΔMIL ) 7 (Fig. 4B,  Fig. S4D ).
To localize the pH sensor within the MIL, we mutated to Ala all five protonatable residues within the MIL. A single mutant, E302A, yielded a flat ΔG ‡ pH dependence, with n 1 and n 2 of 0.48 (±0.2) and −0.05 (±0.02), respectively (Fig. 4A ). The other mutants tested revealed WT pH-dependent kinetics (Fig. S5E) . Importantly, although the PA K446M and F427A mutants shift the overall pH dependence to higher and lower pH, respectively, they are not proton-titratable sites and do not affect n 1 (Fig. 4A) . Therefore, the E302A mutation disrupts the kinetic pH trigger for channel formation. Fractional kinetic amplitude data showed large shifts in the pH midpoint for PA K446M relative to WT, F427A, E302A (Fig. 4B) , and other tested mutations (Figs. S5D  and S4F ). Hence, the equilibrium pH-dependent trigger site must be independent from the E302 kinetic pH trigger site. We used CD to kinetically probe channel formation in the presence of γ-DPGA (Fig. 4A) . The rate of channel formation was inhibited by γ-DPGA (Fig. S5G) , with an apparent inhibition constant of 497 (±62) nM (Fig. S5H) . Thus, the kinetic amplitude data revealed a γ-DPGA-dependent shift in the equilibrium of the prechannel state relative to an intermediate species (Fig.  S5H) . Finally, γ-DPGA capsule does not change the proton dependence, n 1 , but rather raises the pH-dependent barrier by stabilizing the prechannel (Table S4) .
Planar bilayer insertion assays were used to further corroborate the CD kinetics results (Fig. 4C) . Our pH-dependent bilayer-insertion data reflect this overall scheme and recapitulate the trends observed in the CD-probed kinetics (Fig. S5 I and J) . One other MIL mutant, PA D315A, was found to be unable to insert into bilayers (Fig. S5K) despite the fact that it formed the channel by CD (Fig. S5 E and F) . Hence, a third step is present in the channel formation mechanism, which involves stable insertion into the membrane. Whereas γ-DPGA capsule stabilized the prechannel, the PA K446M mutation reversed this stabilization effect, allowing for rapid insertion into bilayers (Fig. 4C) .
Discussion

D2-D4 Interface Senses Capsule and Protons During Channel
Formation. The PA prechannel uses acidic pH as a chemical cue for channel formation within the endosomal compartment of the host cell. Previous structure reports proposed that the D2-D4 interface should undock upon channel formation (3, 4, 8) . Molecularly, we find the separation of the intra-PA (Fig. 3 A-C) and inter-PA D2-D4 interface (Fig. 4D) is rate limiting and modulates the pH dependence of the channel formation kinetics. In our model, proton binding destabilizes the prechannel state (P) relative to an intermediate state (I) on the pathway to formation of the channel state (C) (Fig. 4E) . The PA E302A mutation, in particular, disrupts a kinetic proton sensor in this D2-D4 interface and lowers the pH-sensitive barrier between the P and I states. We hypothesize that E302 serves to kinetically stabilize the prechannel to premature channel formation at physiological pH; however, the electrostatic mechanism behind this substitution is unclear.
We also identified a unique ligand, γ-DPGA, which modulates the stability of the D2-D4 interface in the opposite manner. γ-DPGA binding stabilizes the P state relative to the I state and hence stabilizes the prechannel to improper channel formation (Fig. 1B) . Lower pH conditions and CapD-dependent hydrolysis can override this chemical cue and allow for functional channels to be formed. Therefore, the D2-D4 interface is quite versatile, sensing local environmental cues to determine the appropriate environments for either toxin stabilization or channel formation.
γ-DPGA and Other Polyanions Are Unique Chemical Cues Sensed by the Toxin. The γ-DPGA capsule produced by B. anthracis constitutes the other key virulence factor of anthrax disease. A recent report revealed that γ-DPGA and lethal toxin may interact (27) . Also, 10-50-kDa fragments of γ-DPGA were reported to enhance LT-mediated killing of J774A.1 cells (29) . Whereas the PA monomer, LF, and EF can bind to capsule, the PA prechannel oligomer binds most avidly to the capsule in the nanomolar range. In vivo, only preassembled LT, LF, and proteolytically active PA 63 (and not full-length PA 83 ) are observed in the plasma (27) ; however, for these fractions of the toxin to function, they must be assembled, stabilized, and capable of sensing their environment. The stabilization of PA prechannels by γ-DPGA may maintain their thermostability in vivo, because premature channel formation inactivates the toxin (10). Hence, γ-DPGA-mediated stabilization of the toxin may serve useful in either the immediate γ-DPGA-capsule surroundings of the bacillus or in the bloodstream, where 1-2 mg mL −1 γ-DPGA circulates during virulent cases of anthrax.
Thus, we propose that within the capsule environment of the bacillus, γ-DPGA may act as a toxin-assembly chaperone. The γ-DPGA interaction stimulates the assembly of n PA at low LF concentration while stabilizing the PA prechannel state. As EF and LF load onto these capsule-bound oligomers, the toxic complexes can be readily released from the capsule to engage a host cell because of their relatively reduced affinity for γ-DPGA. Furthermore, the CapD hydrolase (25) produced by the bacillus also may play a key role in releasing toxin complexes from the bacillus, as we have shown capsule hydrolysis by CapD reverses the inhibition of both channel formation in planar bilayers and LT cytotoxicity in cell culture. Alongside the formation of the PA 8 oligomer (2, 10, 11), capsule interactions provide additional protective thermostability during anthrax pathogenesis. Finally, a general polyanionbinding phenomenon is observed with PA oligomers (Table S1) , in which avidity likely dominates the high affinity observed with γ-DPGA. As short ∼20mer heparin sulfate binds in the 20-μM range, longer heparan proteoglycans may bind avidly to PA oligomers analogously to γ-DPGA. Hence, these interactions present a versatile means for toxin stabilization in diverse host/pathogen environments. We found several interesting nuances in our physiological studies. In the presence of full-length γ-DPGA, LT cytotoxicity was inhibited. While probing the mechanism, we observed that PA channel formation in J774A.1 macrophages was blocked not only for unassembled LT (PA + LF), but also for preassembled LT (PA 7 LF 3 ). Presumably in the former case, γ-DPGA inhibited PA proteolysis, preventing assembly and channel formation. However, the inhibition of channel formation for preassembled PA complexes suggests γ-DPGA may have altered endocytic trafficking or endosomal acidification. Although the precise cellular mechanism is not clear, the observation of γ-DPGA-mediated inhibition of cell cytotoxicity demonstrates its potential therapeutic importance.
Materials and Methods
Proteins. Recombinant PA, LF, EF, sANTXR2, and CapD were purified from Escherichia coli overexpression (2, 10, 11, 16) . PA 7 and PA 7 LF 3 prechannel complexes were produced as described (2, 10) . B. licheniformis 9945A (ATCC) was cultivated to produce γ-DPGA (31). γ-DPGA was precipitated from cell supernatants with 4× volumes of ice-cold ethanol, pelleted by centrifugation, resuspended, and dialyzed against pure H 2 O. The γ-DPGA was filtered, lyophilized, dissolved in water, adjusted to pH 7.4, and stored at −80°C. Fifteen-to 50 kDa-fragments of γ-DPGA were produced by CapD- (25) or HCl-catalyzed hydrolysis (29) . Synthetic HPLC-purified γ-DPGA 2-mer and 10-mer were obtained from Bachem and Biopeptide, respectively. Native and SDS/PAGE assays were performed according to standard methods. Further details for these and other methods are in SI Materials and Methods.
CD. We used a Jasco-810 spectropolarimeter, as described (10, 11) , to perform equilibrium and kinetic pH-jump measurements. A Hamilton Microlab 500 titrator delivered 10-20 μL of 1 M phosphoric acid into the cuvette under vigorous stirring. Amplitude (A) versus time (t) data were then fit to A(t) 
